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1. SUMMARY 
This work presents a method for simultaneous extraction and analysis of brominated and 
organophosphorus flame retardants in atmospheric particulate matter (PM) phase in an urban 
area (Barcelona) under contrasting meteorological conditions. PM samples were collected on 
filters using a digital high volume air sampler. The analytical method was based on Soxhlet 
extraction with ethyl acetate/cyclohexane 5:2 (v/v), clean-up step with solid phase extraction 
(SPE) Florisil cartridges, concentration under N2 flow and analysis by gas chromatography-
electron impact mass/mass (GC-EI-MS/MS). The method was developed to determine trace 
concentrations of flame retardants in air. The validation included blank tests in order to see the 
background levels of these compounds and percentage of recoveries with spiked filters at two 
different levels. Finally, the presence of these compounds in the air of Barcelona has been 
determined. Concentrations of organophosphorus flame retardants ranging from a few pg/m3 to 
1 ng/m3 were found. Brominated flame retardants were not found in the samples. 
Keywords:  flame retardants, brominated, organophosphorus, air, particulate matter. 
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2. RESUM 
Aquest treball presenta un mètode per a l‟extracció simultània i l‟anàlisi de retardants de 
flama bromats i organofosforats en la fase particulada de l‟aire. El mostreig ha estat dut a terme 
utilitzant un captador digital d‟alt volum. El mètode analític està basat en extracció Soxhlet amb 
acetat d‟etil/cilohexà 5:2 (v/v), purificació amb cartutxos d‟extracció en fase sòlida de Florisil, 
concentració dels extractes amb rotavapor i corrent de nitrogen i anàlisi per cromatografia de 
gasos acoblada a espectrometria de masses en tàndem. El mètode ha estat desenvolupat per 
determinar concentracions traça dels retardants de flama en aire. La validació inclou l‟anàlisi de 
blancs per comprovar els nivells d‟aquest components en el material d‟extracció i avaluació de 
l‟exactitud i precisió del mètode utilitzant filtres dopats a dos nivells de concentració diferents. 
Finalment, s‟ha determinat la presència d‟aquests compostos en l‟aire de Barcelona. Van 
trobar-se concentracions de retardants de flama organofosforats que anaven des d‟uns quants 
pg/m3 fins a 1 ng/m3. No es van trobar retardants de flama bromats a les mostres.  
Paraules clau: retardants de flama, bromats, organofosforats, aire, fase particulada. 
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3. INTRODUCTION 
3.1. A BRIEF HISTORY OF FLAME RETARDANTS 
The history of fire-retardant products begins in 360 B.C. when timbers were coated with 
vinegar to protect them against fire. In 83 B.C., wooden siege towers were protected from fire of 
the Romans with alum, which is a white crystalline double sulfate of aluminum. 
Pliny the Elder described an asbestos tablecloth in 77 A.C, which could be cleaned easily 
by heating until red hot. He later revealed that workers exposed to asbestos often experienced 
serious health problems. Nicholas Sabbatini, in 1638, recommended a clay and gypsum 
combination be applied to painted canvas theater props to protect against fire after a series of 
fires ravaged local theaters. 
However, the first patent on a flame retardant was the British Patent 551, patented by 
Obadiah Wilde in 1735 for developing a flame-retardant mixture of alum, ferrous sulfate, and 
borax to flame retard canvas for use in theatres and public buildings. In the plastics industry, 
brominated flame retardants were first used in cellulose nitrate which is extremely inflammable 
(1). 
The Montgolfier brothers, born in Annonay, France, were inventors of the first practical hot-
air balloon. Joseph-Michael and Jacques-Ètienne applied alum alone in 1798 as a flame-
retardant coating on their balloon. 
In 1820, French chemist Gay-Lussac, after being commissioned nearly 40 years prior, 
recommended using mixtures of ammonium phosphate, ammonium chloride and borax to 
reduce the flammability of textiles used in French theaters. This combination proved to be highly 
effective and is often used today. 
By the mid-19th century, numerous flame retardants had been tested for textiles. The 
combination found most effective was ammonium phosphate, ammonium sulfate and a mixture 
of ammonium phosphate with chloride. At the beginning of the 20th century, William Henry 
Perkin became the first person to systematically study the mechanisms of flame retardancy. 
Modern flame retardants for textiles, papers and fabrics are based on his fundamental research, 
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including the 1953 discovery of Tetra(hydroxymethyl)phosphonium chloride (THPC). THPC is a 
light yellow, clear liquid applied as a flame retardant to cotton and Dacron-cotton fibers, plastic, 
paper, painting, coating, furniture and building materials. Over time, THPC has been altered and 
improved upon, creating alternative fire-retarding mixtures. Research continues to improve 
flame-retardant cotton and blended fabrics used by the U.S. military, NASA and numerous fire 
departments. Flame retardants applied to all types of textiles have undoubtedly saved lives and 
property (2). 
Polychlorinated biphenyls (PCBs) began to be produced in the late 1920s, and have been 
used as FRs until the mid-1980s. Chlorinated flame retardants including a phosphate group 
such as TDCPP and TDCiPP came into use as FRs from the 1960s onwards. In the beginning 
of the 1970s polybrominated biphenyls (PBBs) and polybrominated diphenyl ethers (PBDEs) 
came to the market and its production was increased over the next years. In 1997, the World 
Health Organization (WHO) tried to list major flame retardants including the inorganic (3). 
3.2. FLAME RETARDANTS IN THE ACTUALLITY  
Every day in Europe there are about 12 fire victims and 120 people severely injured and the 
World Health Organization reports that there are approximately 300,000 deaths per year, 
globally from fire-related burns (1). In table 1 there is a comparison between fire fatalities and 
estimated cost of fire losses in Europe, USA and Japan in year 2007: 
Table 1. Fire deaths in 2007 in different geographic zones (4). 
Reported Fire Deaths 
Region Year Fire Fatalities Estimated cost of direct fire 
losses % GDP (period) 
14 EU States 2007 3150 0,27-0,26 (2005-2006) 
USA 2007 3750 0,10 (2005-2006) 
Japan 2007 2050 0,12 (2005-2006) 
UK 2007 465 0,13 (2005-2006) 
It is reported that at least 94% of these fires deaths occurred in homes and buildings and 
5% occurred in transport systems (5). Flame retardants (FRs) are chemicals added to materials 
to prevent combustion processes and delay the spread of fire. They are widely used in many 
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common objects such as polymers, coatings, textiles, foams and electric equipment such as 
circuit boards. However, after application part gets released into the environment.  
Some of these chemicals have been proved to be Persistent Organic Pollutants (POPs) and 
some of them have been forbidden along the decade of 2000s. They are considered POPs 
because they have toxic properties, they are resistant to degradation, they bioaccumulate and 
are transported by air and water being deposited far away from their release place and 
accumulating in terrestrial and aquatic ecosystems (Stockholm agreement about POPs). 
For over four decades, halogenated FRs arouse concern for public health, resulting in the 
production of PCBs (Polychlorinated Biphenyls) being forbidden in 1973.   Nowadays the use of 
Brominated Flame Retardants (BFRs) such as Polybromodiphenyl ethers (PBDEs) is being 
more restricted. PentaBDE mixtures production has been forbidden in 2003 and some PBDEs 
have been labelled as POPs in the Stockholm Convention in 2009 (octaBDE and pentaBDE, 
decision SC-4/14,SC-4/18) (6). 
 With all these restrictions and the need of using fire retarding chemicals that are not 
harmful for humans and the environment, Organophosphorus Flame Retardants (OPFRs) and 
New Brominated Flame Retardants (NBFRs) seem to be a suitable alternative. This has 
resulted in the increase of their production in last decade. Figures 1 and Figure 2 show that 
OPFRs are the 3rd most used type of flame retarding chemicals nowadays. Brominated and 
chlorinated flame retardants are still used today in many countries despite their prohibition in 
others. 
    
Figure 1 (left) and Figure 2 (right). Global Consumption of Flame Retardants in Plastics by Type, thousand 
tonnes – 2011 (7) 
Organophosphorus compounds are used on a large scale as flame retarding agents and/or 
plasticizers in a variety of products, such as plastic materials, rubbers, varnishes, lubricants, 
hydraulic fluids, and other industrial applications (8). Although OPFRs seem to be a solid 
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alternative to replace chlorinated and brominated FRs, some studies show they have the 
potential to elicit neurotoxic effects in a manner similar to organophosphorus pesticides, like 
damages in the developing brain at early ages (9).  
Along with OPFRs, the use of NBFRs has been increased in the last years. Some of them 
have been detected in water and sludge samples (10). Current production volumes for these 
NBFRs are largely unknown and most data available is outdated, and limited data is available 
on toxicity, eco toxicity, endocrine effects, absorption, distribution, excretion and 
bioaccumulation/concentration processes. Generally there is not so much data available on 
these compounds and their impact on the environment, and regulatory agreements are lacking.  
Halogenated FRs react with free radicals that are present in the atmosphere when there is a 
fire, like OH, O and H. 
H. + O2                    OH
. + O
O + H2                    OH
. + H.  
The mode of action of halogenated FRs for flame inhibition follows the next chemical 
reactions: 
1. Release of halogen radicals (X*=Cl*, Br*) from the flame retardant (R-X): 
R-X                    R* + X*  
2. Formation of hydrogen halides (HX): 
R-X + H*                    R* + HX  
3. Neutralization of energy-rich radicals:     
  
The mode of action of phosphorus containing FRs consists in the formation of a solid 
charred surface layer and the interruption of the free radical chain processes into the gas 
phase. They primarily act in the solid phase of the polymer and are transformed later into 
phosphoric acid by thermal degradation. Water is released from the substrate in the solid 
phase. Phosphoric acid liberates free radicals when burned which react with radicals formed in 
the combustion reactions delaying the spread of fire due to inhibition of these chain reactions. 
The final products formed due to the combustion of phosphates and phosphonates are PO, 
PO2, HOPO and HOPO2. In the Figure 3 phosphorus oxides reactions are listed: 
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   Figure 3. Table with the radical products resulting from the combustion of OPFRs. 
 
3.3. FLAME RETARDANTS IN AIR 
Many articles have been published on the presence of PBDEs in different matrices, such as 
the volume 16 of The Handbook of Environmental Chemistry  (Brominated Flame Retardants). 
According to the scientific articles published between 2000-2010, water is the major matrix in 
which flame retardants have been analyzed, followed by sediments, indoor dust, sludge and 
particulate matter in air. PBDEs are the most studied compounds of these 3 groups of flame 
retardants, followed by OPFRs and NBFRs, although bibliography on OPFRs and NBFRs is 
very scarce. Given the little information available on the presence of FRs in air, this study is 
intended to develop and validate an analytical method to determine trace concentrations of the 
3 chemical families used worldwide and to determine the applicability of the method by 
analyzing 8 air samples collected in the urban background of Barcelona.  
 
3.3.1. FLAME RETARDANTS IN ATMOSPHERIC PARTICULATE MATTER (PM) 
 In order to explain the kind of particles over which FRs can get most adsorbed, Figure 4 
illustrates PM10 (particulate matter with an aerodynamic diameter less than 10 µm) are the 
most common particles in air. In the “Number” and “Surface Area” graphics it is shown that PM1 
particles (aerodynamic diameter less than 1 µm) are the most numerous and the ones that have 
a larger surface area, suggesting that large part of the FRs will be adsorbed to these smaller 
particles. Moreover, these particles consist mainly of organic material. It has been proven that 
PM10 particles are the main reason of air pollution in urban areas due to traffic emissions, 
12         Ramos García, David 
 
industrial emissions and dust. PM 10 and PM 2.5 concentrations are often used as a measure 
for the air quality in cities. The chemical composition of these particles depends on its emission 
origin, which can be mobile sources, such as traffic or stationary sources like domestic heating, 
industry, industrial/urban wastes incineration and fossil fuel power plants. 
Figure 5 shows how PM10 particles get into our organism via inhalation, and how 
depending on its size different parts of respiratory system are affected. Particles over PM7 are 
mainly retained by the nasal passages; between PM7-PM4.7 by the pharynx, between PM4.7 
and PM3.3 particles begin to get into lungs through trachea/primary bronchi and between 
PM2.1 and PM1.1 into bronchi branches. Particles below PM1 are in contact with bronchioles 
and alveoli, so compounds adsorbed in these particles can be released into our organism via 
blood exchange processes. PM1 are the most dangerous particles for humans because they 
have larger residence times than gases, they can get directly into our organism via blood and 
desorb many compounds which can be carcinogenic. 
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       Figure 4. Number, surface area and volume vs aerodynamic diameter graphics. 
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Figure 5. How PM get into the respiratory system. 
 
3.3.2. COMPOUNDS STUDIED 
A preliminary study has been made in order to evaluate if FRs could be found in the 
particulate phase in air, comparing some physicochemical data and establishing a relation 
between these properties and its partition in gas/particulate phase and water (Table 2).  
In order to select those FRs that could be present in the PM1, three parameters have been 
considered: solubility, vapor pressure and soil organic carbon-water partition coefficient (Koc). 
The compounds that are going to be present in the PM1 will mainly have: 
- Relatively low vapor pressure; (if vapor pressure is high, the compound is going to be 
in gas phase, but if it is too low it is less likely to be released to the environment).  
- Low solubility (if the solubility is high, it is going to be dissolved in water). 
- High Koc (high affinity for being adsorbed on organic particles). 
To determine the partitioning of FRs in air the solubility vs vapor pressure (Figure 6) and the 
solubility vs Koc (Figure 7) are plotted. All physicochemical data was extracted from REAXYS 
(13) and SCIFINDER SCHOLAR (14) databases. Afterwards 82 compounds were listed, while 
28 were finally chosen based on the availability of commercial standards and appearance in 
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environmental samples (10). Almost all physicochemical data is non-experimental and is 
calculated with ACD Labs Software (Table 2). 
In the Figure 6 the target compounds appear on the left lower quadrant, and in the Figure 7 
the target compounds appear on the left upper quadrant. So the compounds that could be 
detected at highest probability –in atmospheric PM- are those that appear in those zones on 
both graphics. The major part of PBDEs, OPFRs and NBFRs are marked in red (Figures 6 and 
7). 
 
Table 2. List of the compounds at their physicochemical properties. 
  Compound    Solubility (g/L) PVAP (Pa) Koc 
1 Resorcinol bis(2,6-dimethylphenyl) 
phosphate (RDP) 
4,40E-07 4,44E-13 9,34E+06 
2 Phenyl bisdodecil phosphate 4,00E-06 1,85E-09 1,00E+07 
3 6H-dibenz[c,e][1,2]oxaphosphorin, 6,6'- 
ethanediyl)bis-,6,6'-dioxide 
8,70E-06 7,05E-16 4,43E+06 
4 tetrakis(trimethylsilyl)hypophosphate 4,00E-01 4,20E-03 2,11E+03 
5 42595-45-9 1,00E+03 8,77E-09 4,17E+00 
6 1,4- phenylenebis (phosphoramidic acid) 
 tetraisopropyl ester 
2,50E+00 7,97E-07 1,51E+03 
7 Tris (2-ethylhexyl) phosphate (TEHP) 2,70E-04 2,72E-04 3,41E+06 
8 Tris (2-butoxyethyl) phosphate (TBEP) 2,30E+00 0,147 1,45E+03 
9 Phosphoramidic acid, 1,4-phenylenebis-
, tetraethyl ester (9CI) 
1,60E+01 1,45E-05 2,56E+02 
10 Irganox 1222 6,80E-02 2,01E-05 5,09E+03 
11 Phosphonic acid, P,P'-, 1,4-
piperazinediylbis- tetraethyl ester 
1,10E+02 1,10E-04 6,58E+01 
12 2,5-Pyrrolidinedione, 1-ethyl-3-[(6-oxido-
6H-dibenz[c,e][1,2]oxaphosphorin-6-
yl)methyl]- (9CI) 
1,50E-02 2,08E-11 2,91E+03 
13 Phosphoramidic acid, N,N'-1,2-
ethanediylbis-, P,P,P',P'-tetraethyl ester 
1,20E+02 7,37E-04 9,73E+01 
14 Triphenyl phosphate (TPhP) 7,20E-03 1,65E-04 7,48E+03 
15 Phosphoramidic acid, 1,4-phenylenebis-
,tetramethyl ester (9CI 
3,00E+02 9,11E-04 2,00E+01 
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16 Di-(2-ethylhexyl)phosphoric acid (BEHP) 2,40E+02 3,67E-05 1,81E+01 
17 6H-Dibenz[c,e][1,2]oxaphosphorin, 6-
(phenylmethoxy)-, 6-oxide 
2,50E-02 2,29E-07 3180 
18 TF03  7,40E-04 1,65E-07 7,49E+04 
19 Phosphonic acid, P,P'-(1,4-
piperazinediyl)bis-, P,P,P',P'-
tetramethyl ester 
1,00E+03 7,51E-02  -1,23 
20 6H-Dibenz[c,e][1,2] oxaphosphorin, 6-
phenyl-,6-oxide 
8,20E-04 1,04E-06 7,37E+04 
21 Phosphonic acid, P-methyl-, (5-ethyl-2-
methyl-2-oxido-1,3,2- oxaphosphorinan-5-
yl) methyl methyl ester 
9,99E+02 2,85E-05 5,63E+00 
22 Ethyl Phenyl hidrogenphosphate (DPhEP) 1,70E-01 2,64E-02 1,52E+03 
23 Phosphoramidic acid, N,N'-1,2-
ethanediylbis-, P,P,P',P'-tetramethyl ester 
1,00E+03 4,72E-02 7,58E+00 
24 Tri-N-butyl phosphate (TBP) 6,40E-01 0,545 2,89E+03 
25 6H-Dibenz[c,e][1,2]oxaphosphorin-6-
ethanol, 6-oxide 
4,20E-02 1,52E-07 4,75E+03 
26 Diphenyl hidrogenphosphate(DPhP) 1,20E+01 2,97E-04 1,00E+00 
27 6H-Dibenz[c,e][1,2]oxaphosphorin-6-
methanol, 6-oxide 
3,70E-02 8,69E-07 4,64E+03 
28 Phosphoramidic acid, N-[2-(2-
hydroxyethoxy)ethyl]-, diethyl ester 
2,10E+02 1,57E-03 1,94E+01 
29 6H-Dibenz[c,e][1,2]oxaphosphorin, 6-
methyl-, 6-oxide 
1,80E-02 5,01E-04 1,20E+04 
30 Phosphoramidic acid, N-[2-(2-
hydroxyethoxy)ethyl]-, dimethyl ester 
1,00E+03 1,14E-04 5,40E+00 
31 Phosphoramidic acid, (3-hydroxypropyl)-
, diethyl ester (9CI) 
2,28E+02 2,87E-02 2,81E+01 
32 Phosphoramidic acid, N-(2-hydroxyethyl)-
, diethyl ester 
3,71E+02 0,165 2,23E+01 
33 Phosphoramidic acid, (3-hydroxypropyl)-
, dimethyl ester (9CI) 
1,00E+03 0,289 7,84E+00 
34 Triethylphosphate (TEP) 6,20E+01 23,6 6,28E+01 
35 Phosphoramidic acid, N-(2-hydroxyethyl)-
dimethyl ester 
9,99E+02 1,72 6,21E+00 
36 DMMP 6,30E+02 157 7,61E+00 
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37 Tris(1,3-dichloropropyl)phosphate 
(TDCPP) 
0,12 5,43E-06 1,44E+03 
38 Tris(2-chloropropyl) phosphate  (TCPP) 1 7,00E-03 5,66E+02 
39 Tris(2-chloroethyl) phosphate (TCEP) 7,4 1,44E-02 1,50E+02 
40 Antiblaze V6 0,33 1,61E-12 5,57E+02 
41 1,2,5,6,9,10-hexabromocyclododecane 
(HBDC) 
4,00E-05 1,04E-07 4,86E+05 
42 1,2-bis(2,4,6-tribromophenoxy)ethane 
(BTBPE) 
1,60E-05 3,88E-10 7,92E+05 
43 2,2',3,3',4,5',6-heptabromodiphenyl ether 
(BDE-175) 
6,20E-05 3,25E-07 5,71E+05 
44 octaBDE-183 3,59E-07 5,60E-06 6,76E+05 
45 2,2',3,4,4'-pentabromodiphenyl ether 
(BDE 85) 
2,23E-05 7,30E-05 1,75E+05 
46 2,3,3',4,4',5,6-heptabromodiphenyl ether 
(BDE-190) 
9,35E-08 5,10E-06 7,71E+05 
47 2,2',4,4',5,5'-hexabromodiphenyl ether 
(BDE-153) 
1,80E-06 1,60E-05 4,92E+05 
48 2,2',4,4',5,6'-hexabromodiphenyl ether 
(BDE-154) 
7,57E-06 1,90E-05 3,82E+05 
49 2,2',4,4',5-pentabromodiphenyl ether 
(BDE-99) 
3,28E-05 6,20E-05 2,25E+05 
50 2,2',4,4',6-pentabromodiphenyl ether 
(BDE-100) 
1,28E-04 7,30E-05 1,74E+05 
51 2,2',4,4'-tetrabromodiphenyl ether (BDE-
47) 
5,59E-04 2,50E-04 1,03E+05 
52 DPTE 1,26E-05 1,60E-03 3,50E+04 
53 2,4,4'-tribromodiphenyl ether (BDE-28) 3,09E-03 7,70E-04 6,44E+04 
54 2,4,5,2',4',5'-hexabromobiphenyl (PBB 
153) 
1,39E-06 2,10E-05 4,85E+05 
55 2,4,6-tribromophenol 0,200 7,60E-01 1,06E+03 
56 2-ethylhexyl-2,3,4,5-tetrabromobenzoate 
(TBB) 
1,60E-04 3,71E-07 2,17E+05 
57 2-hydroxy-propyl-2-(2-hydroxy-ethoxy)-
ethyl-TBP 
0,210 4,79E-13 8,75E+01 
58 alpha-hexabromocyclododecane (α- 4,00E-05 1,04E-07 4,86E+05 
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HBCD) 
59 beta-hexabromocyclododecane (β-HBCD) 4,00E-05 1,04E-07 4,86E+05 
60 bis(2,3-dibromopropyl) phosphate 1,00E+03 1,59E-07 4,48E+02 
61 bis (2-ethyl-1-hexyl )tetrabrompphthalate 
(TBPH) 
3,30E-06 1,55E-11 2,88E+06 
62 bis(2-hydroxyethyl ether) (TBBPA) 4,80E-05 2,89E-12 1,01E+06 
63 Cyclododecane, 1,2,5,6,9,10- hexabromo 4,00E-05 1,04E-07 4,86E+05 
64 decabromodiphenyl ether (DECABDE 
BDE-209) 
1,40E-07 2,19E-10 3,30E+06 
65 decabromodiphenylethane (DBDPE) 9,50E-08 2,93E-15 1,00E+07 
66 dibromobiphenyl 4,10E-04 7,41E-03 3,35E+04 
67 ethylene bis(tetrabromophthalimide) 3,00E-07 1,97E-25 9,65E+04 
68 gamma-hexabromocyclododecane (γ-
HBCD) 
4,00E-05 1,04E-07 4,86E+05 
69 hexabromobenzene (HBB) 5,51E-04 1,14E-04 5,03E+04 
70 HCDBCO 8,70E-06 8,27E-07 3,32E+05 
71 pentabromoethylbenzene (PBEB) 2,10E-04 1,56E-04 1,14E+05 
72 pentabromotoluene 4,80E-04 6,00E-04 6,02E+04 
73 pentaerythritol dibromide 2,30E+01 6,88E-05 3,99E+01 
74 phenol, 2,4,6-tribromo-, carbonate (2:1) 1,40E-04 7,16E-10 4,70E+05 
75 polybromobiphenyl (PBB 209) 2,80E-06 3,23E-10 3,87E+06 
76 tetrabromobiphenyl 1,30E-04 2,76E-04 9,54E+04 
77 tetrabromobisphenol A (TBBPA) 3,70E-05 1,88E-05 4,47E+06 
78 tetrabromobisphenol A bis(2,3-
dibromopropyl) ether 
8,50E-09 2,85E-15 1,00E+07 
79 tetrabromoethylcyclohexane (TBECH) 4,00E-03 2,97E-03 1,00E+04 
80 tetrabromophthalic anhydride 2,70E-02 1,27E-09 2,45E+03 
81 tetradecabromo (P-diphenoxybenzene) 2,60E-11 9,17E-17 1,00E+07 
82 tris (tribromoneopentyl) phosphate 8,00E-06 1,41E-17 3,04E+05 
Brominated and organophosphorus flame retardants...           19 
 
In the figures 6 and 7, the point numbers are corresponding to the numerology in Table 2. 
 
Figure 6. Solubility vs vapor pressure graphic. 
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Figure 7. Solubility vs Koc graphic. 
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According to the physicochemical parameters of FRs, compounds selected are 
indicated in figures 8, 9 and 10. 
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Figure 8. Structure of PBDEs. 
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Figure 9. Structures of OPFRs. 
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Figure 10. Structures of NBFRs. 
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4. OBJECTIVES 
The main objective of this project is to determine PBDEs, OPFRs and NBFRs concentration 
in the ambient air PM of an urban background site in Barcelona. A method had to be optimized 
as no specific method for analysis in particles was described in the bibliography. The developed 
method is a modification of the dust method for the analysis of FRs (10). The objectives of this 
present work are: 
1. To develop a method to simultaneously determine PBDEs, OPFRs and NBFRs in PM1 
air particles. 
2. To validate the method by analyzing the quality parameters. 
3. To determine the presence of PBDEs, OPFRs and NBFRs in atmospheric PM1 
collected in the urban area of Barcelona. 
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5. EXPERIMENTAL: ANALYTICAL METHOD 
Bibliography is available for the analysis of FRs in a variety of matrices like water, sludge 
and indoor dust, but few is available on their analysis in the atmospheric gas phase or 
particulate matter. Cristale and Lacorte proposed a multi-residue method for the simultaneous 
analysis of PBDEs, OPFRs and NBFRs in sediments, sludge and dust, which was based in 
ultrasonic extraction and clean-up with Florisil (10). Main extraction techniques are Soxhlet 
extraction for PBDEs and NBFRs in sediment, sludge and dust (11), althought other extraction 
techniques such as Pressurized Liquid Exctraction (PLE), Ultrasound-Assisted Extraction (UAE) 
and Microwave-Assisted Extraction (MAE) are used (6,12).  
 
5.1 SAMPLING 
Sampling of PM1 (Figures 11-15) was performed with a DIGITEL ENVIRO-SENSE DHA-80, 
wich is characterized by the following features: 
1. Automatic filter change, magazine for 15 filter holders, filter diameter 150 mm. 
2. Constant air flow adjustable from 100 to 1000 L/min (6 to 60 m³/h) 
3. Exact flow rate determination by the regulation of the air volume (“enviro-drive”) 
developed by DIGITEL. Suitable for PM10 measurements according to EN12341 with 
the certified DIGITEL PM10 inlet DPM10/30/00 as well as PM2.5 and PM1 
measurements. The DIGITEL PM1 inlet DPM01/30/00 was developed according to the 
Duisburg Institute for Aerosol Research specifications. 
4. Convenient and menu-driven programming by touch screen. Controlling, monitoring 
and recording on USB by integrated microprocessor. 
5. Communication with third party systems: seamless integration into 
available measuring networks via RS-232C interface, modem, wireless modem and 
Ethernet. 
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6. Low-maintenance operation MTBF (mean time between failures) of blower: 36„000 
hours). 
 
 
Figure 11. Metal filter holder          Figure 12. Filter                      Figure 13. Filter + filter holder  
 
             
 Figure 14. Filters placement into the sampler             Figure 15. Parts of the sampler 
                   
Before sampling, filters were baked at 450ºC in order to remove any organic compounds or 
interferences. It is very important to store clean filters in aluminum foil to keep filters away from 
dust. Filters used were quartz filters from PALLFLEX (code: TISSUQUARTZ 2500 QAT-UP). 
This quartz filters retain particles over 0.3 µm, and the metal cap of the automatic sampler only 
allows particles under PM1 (Figure 16), so all the particles between PM1-PM0.3 are going to be 
accumulated in the filters. Another glass fiber filter from WHATMAN (Cat. No. 1820 866) could 
be used, but it was too big (20.3 x 25.4 cm) and needed a bigger Soxhlet (100 mL would be 
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needed) whereas the quartz filters were smaller (150 mm) and a smaller Soxhlet (15.0 cm, 
round shaped) could be used. Solvent is the mean source of background contamination, so the 
use of a smaller Soxhlet reduces the background levels of the compounds and enhances the 
extraction yield (10).  
The influence of potential PM sources on the air quality is more pronounced in the winter in 
comparison to summer, due to frequent stagnant atmospheric conditions, thinner atmospheric 
mixing layer, and enhanced emissions from domestic heating and traffic (16,17). This results in 
more loaded PM filter samples in winter (Figure 17).  
 
   
Figure 16. Metal cap                      Figure 17. Comparative between a sampled and a clean filter 
 
For the analysis  in PM1, a sampling campaign was designed that started under stagnant 
atmospheric conditions on March 18th (2014) and finished on March 24th. Within this week the 
weather conditions shifted to irregular conditions (Figure 18), allowing to study the effect of 
these scenarios on the chemical composition of the FRs. In total, eight filter samples were 
collected. Each filter sampled 1200 m3 of air volume in 24 h with a flow rate of 50 m3/hour. One 
blank filter was placed during the whole sampling campaign inside the high volume sampler in 
order to evaluate the contribution of FRs in the sampling device to the samples. 
      After sampling the filters were loaded with PM1 concentrations around 22 µg/m3 from March 
18th to March 22th, while these concentrations were much lower (4 µg/m3) in the second part of 
the campaign (Figure 19). 
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Figure 18. Atmospheric pressure and precipitation during sampling campaign from March 18th to March 
24th 2014. 
 
Figure 19. PM1 concentrations  (in μg/m3) at the sampling site during the campaign (dept. Geociencies, 
IDAEA-CSIC). 
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5.2. CLEANING OF MATERIAL 
In trace analysis of organic compounds, it is very important to clean the glassware as much 
as possible to remove background noise or interferences that can appear in the GC-MS/MS 
(gas chromatography mass/mass) analysis. The steps followed in the present work are: 
 
1. Clean with soap and rinse with water several times. 
2. Ultrasonication for 15 minutes (Figure 20). 
3. Rinse with distilled water 4 or 5 times. 
4. Rinse with Milli-Q water a few times. 
5. Rinse with acetone. 
6. Bake overnight at 450ºC (Figure 21). 
7. Cover all the glassware with aluminum foil to avoid dust (Figure 22). 
8. Pre-clean the Soxhlet battery with the extraction solvent during 6 hours. 
 
Plastic material could not be used in all process as it represents a source of FRs 
contamination (10). Hamilton glass syringes had to be used instead of micropipettes to prepare 
all the solutions. All extraction process was made with pre-cleaned glass material. 
 
        
Figure 20. Ultrasonication       Figure  21. Oven                                                 Figure 22. Cleaned 
           glassware 
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5.3 EXTRACTION  
There are many studies that propose ultrasonication as the best choice for dust samples 
(15) because it is a faster technique and presents high recoveries, but it presented more post-
clean-up steps in the present method because filters got crumbled. Accelerated Solvent 
Extraction (ASE) presented problems in both glass-fiber and quartz filters due to dissolution of 
silica oxide (observed problem in other samples in the laboratory using the same filters). 
Soxhlet was finally chosen because of its capacity of having 6 samples extracting 
simultaneously (Figure 23-25).  
Soxhlet extraction with a solvent mix of ethyl acetate/ciclohexane 5:2 (v/v) was used as 
extraction technique. The extraction was performed during 4 hours with 5 to 6 extraction cycles. 
Extracts were stored at -20ºC until next day. 
Samples from day 1 to day 4 were extracted along with one blank and one filter spiked with 
20 ng of each compound, and samples from day 5 to day 8 were extracted along with one blank 
and one filter spiked with 200 ng of each compound. Each sample and blank was spiked with 25 
ng of surrogate standards before extraction (Table 3): 
Table 3. Labelled compounds used as surrogates for the compounds. 
Surrogate Compounds 
TBP-D27 TPrP, TBP, TCEP and TCPP 
TPhP-D15 TDCP, TPhP, TBEP, EHDP, TEHP and TCP 
MHBB PBEB and HBB 
MBDE-77 DPTE, HCDBCO, BEHTBP, EHTBB, BTBPE 
and BDEs 28, 47, 99, 100, 153, 154 and 183 
MBDE-209 BDE-209 and DBDPE 
                   
     
Figure 23. Soxhlet battery. 
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Figure 24.Filter extracting into the Soxhlet.           Figure 25. Extracts. 
 
5.4 CLEAN-UP 
After extraction the extracts in the Soxhlet were transferred into conical balloons. The first 
step consisted in concentrating the extracts with a rotary evaporator (rotovap) until a small 
volume of less than 1 mL (Figures 26-27). Conical balloons were used because it was easier to 
see the volume of extract that was left. Vacuum digital control was set at 200 mbar first and 80 
mbar after a few minutes. Different temperatures of evaporation were tested starting from 25ºC. 
Solvent mix began to evaporate suddenly at 33ºC, so that was the chosen temperature. 
   
Figure 26. Extract from day 2.   Figure 27. Extract from day 7. 
As shown in Figure 28, clean-up was made on 5 cc Florisil SPE (solid phase extraction) 
cartridges from Waters (Sep-Pak Vac 20 cc, 5 g). Conditioning was made with 10 mL of ethyl 
acetate/cyclohexane 5:2 (v/v), and then the extract was placed in the cartridge and eluted with 
20 mL (2x10 mL) of ethyl acetate/cyclohexane 5:2. After this, extracts were rotovaporated until 
almost dryness and transferred into amber chromatography vials with a 300 µL insert.  
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Figure 28. SPE cartridge with a colored layer.  
The colored layer shown in Figure 28 was extracted with methanol after the clean-up step 
for its analysis by GC-MS in full scan mode. The major compound of this fraction was oleic acid. 
After this, 25 ng of internal standards (IS) PCB-65 and PCB-209 were added to the vials. 
They were used as IS because they had structures similar to FRs studied. Extracts were 
evaporated under N2 flow and reconstituted in toluene to a final volume of 250 µL. Extracts 
were stored at -20ºC until the analysis.  
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5.5. CALIBRATION AND ANALYSIS BY GC-EI-MS/MS  
Nine calibration levels ranging from 0.001 to 1 ng/µL were prepared. IS PCB-65 and PCB-
209 were at 0.1 ng/µL. GC-EI-MS/MS analysis was performed in a GC Agilent 7890A equipped 
with a 7000A GC-MS triple quadrupole. A DB-5MS 15m length column was used. The oven 
temperature ramp was set at 60-220ºC at 10ºC/min and to 315ºC at 15ºC/min (8min), using 
helium as carrier gas with a flow of 1.5mL/min. Injection volume was 2 µL in splitless mode. In 
the Table 4 the MS transitions (quantifier and qualifier) are shown (10). Two MS/MS transitions 
were used for the analysis: one to quantify (quantifier) and another one to confirm (qualifier). 
The chromatogram was divided in 10 segments to make the peak identification more visual with 
the retention time information. 
Table 4. MS/MS transitions. CE (Collision Energy), Rt (Retention time) 
 
Window Interval Compound Rt Quantifier CE Qualifier CE
1 6-9,3 TPrP( TEP? ) 6,8 99>63 35 99>81 35
1 6-9,3 TBP-D27 7,6 103>63 35 103>83 35
1 6-9,3 TBP 7,79 99>63 35 99>81 35
2 9,3-14,1 TCEP 8,9 249>125 30 249>99 20
2 9,3-14,1 TCPP 9,18 125>99 10 125>81 10
2 9,3-14,1 PCB-65 10,5 292>220 45 292>222 45
2 9,3-14,1 PBT 12,925 485,5>247 45 485,5>325 35
2 9,3-14,1 BDE-28 13,13 407,5>247,5 15 246>139 45
3 14,1-15,3 PBEB 13,4 484,5>325 40 484,5>406 30
3 14,1-15,3 TDCP 14,35 99>63 35 99>81 35
3 14,1-15,3 TPhP-D15 14,27 341>223 25 341>180 25
3 14,1-15,3 TPhP 14,37 326>215 25 326>169 25
4 15,2-15,7 DPTE 14,4 330>141 45 330>62 55
4 15,2-15,7 MHBB 14,44 559,5>480,5 30 557,5>398 30
4 15,2-15,7 HBB 14,44 549,5>389,5 50 551,5>312,5 45
4 15,2-15,7 EHDP 14,65 251>77 20 251>51 20
4 15,2-15,7 TBEP 14,75 125>99 10 99>63 35
5 15,7-16,5 TEHP 15,12 99>63 35 99>81 35
5 15,7-16,5 BDE-47 15,45 485,5>325,5 15 485,5>219 45
6 16,5-17,9 MBDE-77 15,9 497,5>230 60 497,5>149 60
6 16,5-17,9 TCP 368>165 45 368>91 45
6 16,5-17,9 BDE-100 16,5 405,5>137 55 405,5>297 40
6 16,5-17,9 BDE-99 16,93 405,5>137 55 405,5>297 40
6 16,5-17,9 HCDBCO 16,955 237>118,5 35 237>167 35
6 16,5-17,9 EHTBB 17,08 420,5>311,5 40 420,5>233 40
7 17,9-20,3 PCB-209 17,42 498>428 30 493>426 30
7 17,9-20,3 BDE-154 17,8 483,5>214,9 60 483,5>377 55
7 17,9-20,3 BDE-153 18,3 483,5>324 45 483,5>377 45
7 17,9-20,3 BDE-183 19,47 563,5>295 55 563,5>404 50
8 20,3-23 BTBPE 19,8 356,5>118 25 356,5>90 40
8 20,3-23 BEHTBB 20,355 464,5>380 50 464,5>310,5 45
9 23-25,5 MBDE-209 23,6 811,5>651,5 55 809,5>650 55
9 23-25,5 BDE-209 23,6 797,5>638 55 799,5>640 55
10 25,5- DBDPE 24,65 484,5>324,5 30 484,5>403,5 40
36         Ramos García, David 
 
5.6 PRELIMINARY BLANK TESTS 
Different steps of the method were evaluated separately: 
 
1. Rotovaporation: 3 blanks (RotoVap1, RotoVap2 and RotoVap3 samples).  70mL of 
solvent mix were rotovaporated in the same device until a small volume and 
transferred into injection vials. Then the extract was concentrated until dryness under 
N2 flow and reconstituted in toluene (250 µL of final volume). No clean-up step was 
made. 
2. Soxhlet + rotovaporation: 3 blanks (Soxhlet4, Soxhlet5, Soxhlet6). 70mL of solvent 
mix were introduced in the Soxhlet and extracted without filter during 4 hours, then 
concentrated in the rotary evaporator and transferred into injection vials. Then the 
extract was concentrated until dryness under N2 flow and reconstituted in toluene (250 
µL of final volume). No clean-up step was made. 
3. Methodology (with filter): 1 blank (Method7). One filter (non-used) followed the full 
methodology mentioned in the scheme, including the clean-up step. 
4. Florisil: 2 blanks (Florisil8, Florisil9). 20 mL of solvent mix were collected after 
conditioning the cartridges. 
5. Solvent: 1 blank (Solvent10). 70 mL of solvent mix were concentrated under N2 flow 
and transferred into an injection vial. 
 
Only TBP, TCPP, TPhP, EHDP, TEHP and one unknown compound were detected in the 
blanks (Figure 29). The unknown compound was probably TEP or TPrP. One possible 
hypothesis is that they can present the same MS/MS transitions than TiBP because they are 
aliphatic phosphates and retention time is shorter when the aliphatic chain is shorter. OPFRs 
seem to be ubiquitous compounds in other blank analysis (10). No PBDEs or NBFRs were 
detected in any blanks. 
Figure 29 is a surface graphic that shows the relation between the methodology step and 
the background signal of each compound. TCPP, TBP and the unknown compound are those 
which have a higher peak area in RotoVap and Soxhlet blanks. Method7 blank had weaker 
signals because the clean-up step with Florisil had been made, so it clearly shows the efficiency 
of the clean-up step. 
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.  
 
Figure 29. Peak areas represented by detected compounds and methodology steps. The different blue 
tonalities simply indicate how the graphic parts are  seen from an upper perspective depending on its 
orientation, but the blue is the same for all the blue zone. 
      In Figure 30 the retention times were slightly different to the times shown in the table 4 
because the column had to be cut in order to prevent peak queues. 
 
Figure 30. Comparison of the chromatogram of the standard solution at 0.1 ppm (up) and MS/MS 
chromatogram of TBP-d27 in the same solution (down).   
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      BDEs could not be recovered neither quantified due to a problem of the internal standard 
solution, which only contained solvent (acquired from Accustandard). In order to give a LOD 
(limit of detection) for these compounds, seven standard solutions ranging from 1 ng/µL to 500 
ng/µL were injected. The lowest level in which PBDEs could be detected was the 100 ng/µL 
solution. 
 
5.7 QUANTIFICATION METHODS 
      Two ways for the quantification of the compounds were applied. One consists in 
representing the relation between the areas of the compounds and the IS areas as a function of 
the relation between the concentration of the compounds and the concentration of the IS 
(methodology A). The other one consists in the same principle but with the relation between the 
amounts of the compounds and the amounts of IS using a potential regression line 
(methodology B). The second one has the advantage that it does not give negative 
concentrations due to the potential regression curve, which is especially important at low 
concentrations. The first method may result at low concentrations in underestimation or 
overestimation of the concentration. In contrast the potential function gives an equal importance 
to the low concentration and high concentration points in the regression curve. In the Figure 31 
the left graphic is the linear regression curve and the right one is the potential. The final 
regression method used for quantification was the potential because of its better estimation at 
low concentration levels. 
 
 
Figure 31. Linear regression curve (left) and the log transformed potential regression curve (right). 
 
 
     The table 5 shows the linear and potential regression curves for the compounds: 
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Table 5. Linear regression curves and potential regression curves with their respective R2. 
Compound Linear 
regression curve 
R2 Potential 
regression curve 
R2 
TPrP y=0,3879x-0,2776 0,9823 y=3,8198x0,9123 0,9970 
TBP y=4,1354x+0,1485 0,9959 y=0,2046x1,0675 0,9977 
TCEP y=0,4520x+0,0287 0,9855 y=1,9741x1,0518 0,9973 
TCPP y=1,1786x+0,2654 0,9932 y=0,5644x1,1237 0,9972 
TDCP y=0,5378x+0,0158 0,9996 y=1,7675x1,0634 0,9989 
TPhP y=1,7012x+0,1815 0,9977 y=0,4895x1,0333 0,9993 
EHDP y=5,7012x-0,3436 0,9974 y=0,1791x1,0258 0,9986 
TBEP y=1,6400x-0,1906 0,9938 y=0,6798x1.0244 0,9963 
TEHP y=17,468x-1,3363 0,9993 y=0,0756x0,9838 0,9963 
TCP y=0,8261x-0,0481 0,9968 y=1,2765x0,9936 0,9985 
PBT y=0,1692x-0,0094 0,9979 y=6,1904x1,0133 0,9974 
PBEB y=0,2906x-0,0237 0,9981 y=3,6510x0,9971 0,9982 
DPTE y=1,1196x-0,0748 0,9965 y=0,9612x1,0011 0,9984 
HCDBCO y=0,0803x-0,0062 0,9971 y=14,741x1,0682 0,9903 
BEHTBB y=0,0221x-0,0177 0,9912 y=32,170x0,7168 0,9920 
EHTBB y=0,1695x-0,0405 0,9941 y=6,8782x0,9337 0,9965 
BTBPE y=0,3261x-0,0358 0,9874 y=0,1489x0,9557 0,9920 
HBB y=0,1489x-0,0058 0,9995 y=6,8086x0,9861 0,9979 
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6. RECOVERIES AND LODS  
BLANKS 
      Only TPrP, TBP, TCPP, EHDP, TBEP, TEHP and BTBPE were detected in the procedural 
blanks (TCEP could not be quantified due to the loss of the molecular ion with the electron 
impact ionization) (10). As it could be seen, there is an increase of the blank levels: laboratory 
blank (Extraction) <field blank (Device; this blank was the filter left on the sampling device 
during the whole sampling days). It is best to sample each filter on the same day, instead of 
leaving them into the device, because the last days would have a higher blank contribution due 
to the device. Although most parts were metallic, it must not be forgotten that there are circuit 
boards, plastic parts and a non-hermetic door closure that may affect the blanks. The other 
laboratory blanks (rotary evaporator, soxhlet, florisil and solvent) were lower than the field blank 
(Device). 
 
Table 6. LODs of the non-detected compounds in pg/m3.
 
Sample/compound RotoVap 1 RotoVap 2 RotoVap 3 Soxhlet 4 Soxhlet 5 Soxhlet 6 Method 7 Florisil 8 Florisil 9 Solvent 10 Extraction Device 
TPrP 3,57 2,97 3,24 3,23 3,16 6,47 2,60 0,40 0,30 2,43 12,1 22,7
TBP 2,23 1,95 2,27 2,22 2,17 4,30 1,27 0,31 0,22 1,96 8,59 25,5
TCEP <5 <5 <5 <5 <5 <5 <5 <5 <5 <5 <5 <5
TCPP 2,12 1,52 1,23 2,57 2,74 4,82 7,65 7,45 4,07 4,16 48,1 124
PBT <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2
PBEB <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2
TDCP <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1
TPhP 0,96 0,86 0,70 0,71 0,88 0,91 0,56 0,00 0,00 0,39 4,30 4,58
DPTE <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1
HBB <5 <5 <5 <5 <5 <5 <5 <5 <5 <5 <5 <5
EHDP 7,49 6,03 6,53 6,37 5,55 5,62 4,97 0,16 0,19 2,95 27,3 50
TBEP 0,00 0,00 0,00 0,00 0,00 0,00 5,77 2,44 1,87 0,00 7,69 11,2
TEHP 0,09 0,09 0,10 0,11 0,13 0,08 0,09 0,00 0,00 0,07 1,29 0,64
TCP <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1
HCDBCO <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 <3
EHTBB <5 <5 <5 <5 <5 <5 <5 <5 <5 <5 <5 <5
BTBPE <5 <5 <5 <5 <5 <5 <5 <5 <5 <5 34,6 23,0
BEHTBB <21 <21 <21 <21 <21 <21 <21 <21 <21 <21 <21 <21
DBDPE <21 <21 <21 <21 <21 <21 <21 <21 <21 <21 <21 <21
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RECOVERIES 
     The Table 7 shows the obtained recoveries of the compounds calculated with Metthod A and 
Method B. 
Table 7.  Recovery for the surrogates and the compounds (amounts in ng, 4 first columns, percentages 4 
last columns) with both methodologies of quantification.  
 
 
 
       Surrogates TBP-d27, TPhP-d15 and MBDE-77 presented good recoveries in both 20 ng 
and 200 ng levels, as well as TPrP, TBP, TCPP, TDCP, TPhP, TEHP, TCP, DPTE and BTBPE 
(Figure 32). On the other hand, NBFRs only presented good recoveries at the 200 ng level but 
not at the 20 ng level due to the method detection limit. EHDP presents a high background 
contamination (recovery over 200%), and PBDEs could not be recovered as the recoveries 
were done with the Accustandard solution (which only contained solvent, see chapter 5.6). 
MBDE-209 and MHBB could neither be recovered. 
 
Compound 20 ng (A) 20ng (B) 200ng (A) 200ng (B) % 20ng (A) % 20ng (B) % 200ng (A) % 200ng (B)
TPrP 22 23 178 214 111 117 89 107
TBP 19 18 192 205 94 90 96 103
TCEP -1 1 6 6 -3 4 3 3
TCPP 20 17 218 199 99 86 109 99
TDCP 18 17 214 224 92 86 107 112
TPhP 22 21 200 185 112 106 100 92
EHDP 49 57 325 416 247 284 162 208
TBEP 15 13 26 25 73 65 13 13
TEHP 21 24 230 278 105 121 115 139
TCP 23 25 311 322 115 123 156 161
PBT -1 0 237 251 -7 0 119 126
PBEB 2 0 208 218 10 0 104 109
DPTE 18 21 229 262 91 105 115 131
HCDBCO 2 0 270 315 10 0 135 158
BEHTBB 0 0 257 262 0 0 128 131
EHTBB 19 19 94 107 95 95 47 54
BTBPE 17 16 273 335 85 80 136 168
HBB 1 0 221 222 5 0 111 111
TBP-d27 20 20 213 210 101 98 106 105
TPhP-d15 21 20 188 183 103 101 94 91
MBDE-77 32 32 274 234 158 158 137 117
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Figure 32. Recoveries in % with the methodology B. 
 
       Although PBDEs could not be recovered due to the standard solution, the recovery of 
MBDE-77, which is used as a surrogate for PBDEs (see table 3) indicates that PBDEs could be 
recovered with the present methodology. 
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7. SAMPLE CONCENTRATIONS 
      
 
 
Only 9 OPFRs were detected in the samples. PBDEs nor NBFRs were detected in the 
samples, except BTBPE. Figure 33 shows the concentration in pg/m3 for the detected 
compounds in the samples: 
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Figure 33. 
 
     Log-transformed concentrations of TPrP, TBP and TCPP showed significant positive 
correlations with log-transformed PM1 concentrations, indicating that the concentrations of FRs 
increase under meteorological conditions that result in higher PM1 load (i.e. anticyclonic 
conditions) in the studied urban area.  
 
Figure 34. Correlations of the most abundant compounds with PM1 and black carbon (BC). 
BC µg/m3
NUMERO/CC 
>5 nm
PM1 TPrP TBP TCPP
Correlación de Pearson 1 ,233 0,955
**
0,783
*
0,885
**
0,949
**
Sig. (bilateral) 0,579 0,000 0,021 0,003 0,000
N 8 8 8 8 8 8
Correlación de Pearson 0,233 1 -0,040 0,508 € 0,308 0,191
Sig. (bilateral) 0,579 0,925 0,199 0,457 0,651
N 8 8 8 8 8 8
Correlación de Pearson 0,955
** -0,040 1 ,671 0,857
**
0,912
**
Sig. (bilateral) 0,000 0,925 0,069 0,007 0,002
N 8 8 8 8 8 8
Correlación de Pearson 0,783
* ,508 ,671 1 0,895
**
0,874
**
Sig. (bilateral) 0,021 0,199 0,069 0,003 0,005
N 8 8 8 8 8 8
Correlación de Pearson 0,885
** 0,308 0,857
**
0,895
** 1 0,919
**
Sig. (bilateral) 0,003 0,457 0,007 0,003 0,001
N 8 8 8 8 8 8
Correlación de Pearson 0,949
** 0,191 0,912
**
0,874
**
0,919
** 1
Sig. (bilateral) 0,000 0,651 0,002 0,005 0,001
N 8 8 8 8 8 8
TBP
TCPP
**. La correlación es significativa al nivel 0,01 (bilateral).
*. La correlación es significante al nivel 0,05 (bilateral).
Correlaciones
BC µg/m3
NUMERO/CC 
>5 nm
PM1
TPrP
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As it was observed for the PM1 concentration (Figure 19), also the quantified FRs show 
important differences between samples from day 1 to day 4 (18-21th March) and samples from 
day 5 to day 7 (22-25th March). The filters from the first four samples are more contaminated, 
probably as a consequence of the shifting meteorological conditions (see figure 18). 
 It can be seen (Figure 33) that the levels in the 4 first days are higher than the last 4 days 
for most of the compounds. This could be explained as in the 4th day it rained the air got 
cleaned from its particles . TPrP, TBP, TCPP, TDCP, TPhP, TCP and TEHP concentrations can 
be perfectly determined with the present method as the environmental concentrations are 10 
times higher than the blank levels.  
TBEP and EHDP give relatively high concentrations in the blanks (at the same levels than 
the samples). TCPP is the most ubiquitous compound with high levels in the samples  
TPrP, TPhP, TEHP and TCP concentrations are over the MDL in all days. TBP levels are 
only over the MDL in the samples from the first 4 days (march 18th to March 21th). TCPP levels 
are over the MDL in the samples from the first 5 days (March 18th to March 22th).  EHDP level is 
only over the MDL in the second day (March 19th). TBEP and BTBPE levels are under the MDL 
in all samples (March 18th to March 25th) (table 8 and table 9). 
The difficulties of their detection increase the uncertainties of their quantification, which 
could be the reason that the correlations with PM1 concentrations are weak.  
      In table 8 the MDLs (method detection limits) for the compounds that appear in the blanks 
are shown. MDL is calculated with the mean of the laboratory and device blanks plus 3 times 
their standard deviation. 
 
Table 8. MDL of the method in pg/m3 for the compounds detected in the blanks. 
 
 
 
 
 
Sample/compound Mean Sd MDL
TPrP 12,4 10,1 42,8
TBP 12,0 12,1 48,5
TCPP 58,7 60,5 240,3
TPhP 3,09 2,34 10,1
EHDP 26,7 23,4 97,0
TBEP 6,30 5,74 23,5
TEHP 0,67 0,61 2,50
BTBPE 28,8 17,6 81,7
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Table 9. Concentrations of the compounds in pg/m3. 
 
 
The Figure 35 shows that flame retardants follow a similar profile which is a decreasing 
concentration along the week (meteorological conditions) except for TEHP. Day 7 and day 8 
(Monday 24th and Tuesday 25th) present increasing concentrations compared to the weekend 
(Saturday 22th and Sunday 23th). 
 
 
Figure 35 . Concentration for each day in pg/m3. 
 
Concentrations ranged from a few pg/m3 to 1 ng/m3. The most abundant compounds were 
TPrP, TCPP and TBP. 
 
 
TPrP TBP TCPP TPhP EHDP TBEP TEHP TCP BTBPE
March 18th 1211 148 1211 54 90 10 18 49 0
March 19th 1207 301 1096 217 389 11 18 159 46
March 20th 678 233 1107 49 86 10 8 81 10
March 21th 274 81 875 39 71 11 5 9 17
March 22th 193 47 483 28 59 9 15 1 81
March 23th 70 19 101 11 33 12 13 17 12
March 24th 317 42 323 47 82 15 36 9 14
March 25th 282 30 283 22 54 14 21 16 25
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8. CONCLUSIONS 
 
With the present method 9 OPFRs and 9 NBFRs could be detected presenting good 
recoveries and low LODs. TCEP could not be detected due the loss of the molecular ion and 
PBDEs could not be recovered due to a problem on the standard solution, but they could be 
detected in a standard solution at 0.1 ng/μL. GC-EI-MS/MS gives good specificity and 
substantially reduces the background noise, resulting in low LODs, but maybe it would be better 
to analyze PBDEs by NICI (negative ion chemical ionization) instead of EI (electron impact) 
because this method of detection seems to work better with halogenated FRs. It would be better 
to collect each sample the same day as it has been proved that the device was the mean 
source of FRs background contamination. 
PBDEs nor NBFRs were detected in the samples except BTBPE. OPFRs were detected at 
concentrations ranging from a few pg/m3 to 1 ng/m3. The most abundant were TPrP, TBP and 
TCPP, being TCPP the most ubiquitous compound. TBEP and EHDP presented high levels in 
the blanks which affected the concentrations on the samples.  
It must be taken into account that this method was adapted from a method for the analysis 
and determination of FRs in dust. Although PM and dust are solid matrices, levels in dust are 
higher than in PM. This could be explained due to the fact that dust is not suspended particulate 
matter and is always in contact with the materials that contain FRs, so they can get adsorbed 
over dust particles directly. In suspended PM, FRs have to be released first from the materials 
to the air and then they have to get adsorbed over the particles, which makes the concentration 
of FRs depend on the atmospheric pressure, the solar radiation, the rain, the wind direction and 
wind speed, and in general all meteorological conditions that can influence the levels of PM1 in 
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air. It can be said that outdoor air is more complex than indoor air, in which conditions are more 
stable. Another fact that differentiates both types of particles is the larger size of dust particles in 
comparison with PM1 particles. 
The sampling period had stagnant meteorological conditions and irregular conditions with 
some rain. In the first 4 days the conditions were more stagnant and the concentrations of FRs 
were higher. After it rained in the 4th day, the concentrations began to decrease until the 
beginning of the next week. This fact can be explained due to the removal of PM from the air 
with the rain. In fact, significant correlations were obtained between the PM1 concentrations and 
the most abundant FRs: TPrP, TBP, TCPP, and TDCP. 
Although concentrations of FRs were not very high, it would be interesting to do some 
analysis in more polluted cities like Mexico DF, New York, Shanghai or Beijing, in which the 
production and use of FRs are expected to be higher, and where higher PM levels are often 
observed. 
In general, there is a need of more long-term studies about the impact of these chemicals 
on the human health and the environment. 
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10. ACRONYMS 
ASE: Accelerated Solvent Extraction 
BFRs: Brominated Flame Retardants 
CE: Collision Energy 
FRs: Flame Retardants 
GDP: Gross Domestic Product 
GC-EI-MS/MS: Gas Chromatography- Electron Impact- Mass/mMass 
IS: Internal Standard 
Koc: soil orgànic-carbon water partitioning 
LOD: Limit of Detection 
LOQ: Limit of Quantification 
MAE: Microwave-Assisted Extraction 
MDL: Method Detection Limit 
MTBF: Mean Time Between Failure 
NASA: National Aeronautics and Space Administration 
NICI: Negative Ion Chemical Ionization 
NBFRs: New Brominated Flame Retardants 
OPFRs: Organophosphorus Flame Retardants 
PBBs: Polybrominated Biphenyls 
PBDEs: Polibrominated Diphenyl Ethers 
PCBs: Polychlorinated Biphenyls 
PLE: Pressurized Liquid Extraction 
PM: Particulate Matter 
POPs: Persistent Organic Pollutants 
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Rt: Retention Time 
SPE: Solid Phase Extraction 
THPC: Tetra(hydroxymethyl) phosphonium chloride 
UAE: Ultrasound Assisted Extraction 
WHO: World Health Organization 
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APPENDIX 1: CALIBRATION CURVES 
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APPENDIX 2: PEAK AREAS OF THE BLANKS, SAMPLES AND CALIBRATION LEVELS 
 
Sample/compound TPrP TBP-d27 TBP TCEP TCPP PCB-65 PBT BDE-28 PBEB TDCP TPhP-d15 TPhP DPTE MHBB HBB EHDP TBEP TEHP
RotoVap1 6821 0 4866 0 1947 8929 0 0 0 0 0 132 0 0 0 2488 0 68
RotoVap2 6009 0 4470 0 1511 9305 0 0 0 0 0 135 0 0 0 2283 0 81
RotoVap3 6286 0 4986 0 1208 9005 0 0 0 0 0 97 0 0 0 2160 0 79
Soxhlet4 6393 0 4983 0 2370 9182 0 0 0 0 0 108 0 0 0 2335 0 96
Soxhlet5 6135 0 4768 0 2457 8991 0 0 0 0 0 135 0 0 0 2074 0 119
Soxhlet6 7016 0 5384 0 2412 5335 0 0 0 0 0 161 0 0 0 2411 0 85
Methodology7 4048 0 2279 0 4837 7091 0 0 0 0 0 109 0 0 0 2333 752 103
Florisil8 798 0 662 0 5123 7687 0 0 0 0 0 0 0 0 0 79 287 0
Florisil9 565 0 431 0 2735 7034 0 0 0 0 0 0 0 0 0 91 215 0
Solvent10 2825 0 2538 0 2085 5261 0 0 0 0 0 74 0 0 0 1356 0 73
Sample1day1 885650 230268 155963 0 346755 5609 0 0 0 2467 32604 7683 0 58 0 31344 1143 18291
Sample2day2 967083 259015 331041 0 347546 6145 0 0 0 2769 34411 28011 0 46 0 119655 1095 16921
Sample3day3 565349 237369 258526 0 347548 6086 0 0 0 2920 34697 7704 0 48 0 33001 1212 9313
Sample4day4 260147 253151 100641 1050 296991 6416 0 0 0 2622 35161 6228 0 127 0 27183 1297 5717
Sample5Rec20ng 24254 231427 21953 124 8105 6769 0 0 0 0 22905 2246 1135 56 0 14509 1013 17614
Sample6Blk8days 22454 220964 28940 299 44014 5415 0 0 0 2793 30839 658 0 35 0 16559 1138 570
Sample7day5 184338 257056 59965 401 171379 6278 0 0 0 1915 34275 4127 0 46 0 20730 933 15081
Sample8day6 65384 230182 22456 147 38289 5638 0 0 0 345 35774 1633 0 28 0 11782 1878 13516
Sample9day7 279218 241870 51429 816 114856 6025 0 0 0 1230 25559 4897 0 51 0 20883 1190 27006
Sample10day8 237305 247389 35218 263 96606 5702 0 0 0 755 30103 2732 0 63 0 16460 1270 18501
Sample11Blk 14451 263350 11910 0 21636 6177 0 0 0 0 30268 572 0 35 0 8620 726 1078
Sample12Rec200ng 178836 2214915 207639 919 68774 6528 2043 0 3038 30086 198662 17496 13781 448 1661 93312 1252 201877
Cal_0,001 324 3031 380 41 178 5588 0 0 0 47 327 33 15 0 0 92 0 220
Cal_0,0025 688 6666 767 78 334 5667 0 0 0 107 749 79 35 0 0 204 58 474
Cal_0,005 1324 12753 1389 164 586 5568 0 0 0 187 1334 136 65 0 0 378 112 827
Cal_0,01 2674 26268 2749 350 1147 6121 25 0 40 363 2945 298 166 0 21 760 212 1757
Cal_0,025 6807 69412 7272 884 2984 6125 62 0 99 979 8144 767 399 33 45 2068 563 4564
Cal_0,05 12620 128891 13256 1575 5213 5462 109 0 180 1620 14474 1414 688 62 103 3470 932 7834
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Sample/compound TPrP TBP-d27 TBP TCEP TCPP PCB-65 PBT BDE-28 PBEB TDCP TPhP-d15 TPhP DPTE MHBB HBB EHDP TBEP TEHP
Cal_0,1 26873 281699 28858 3534 11919 6083 269 0 431 3825 34698 3259 1623 154 222 8169 2195 18868
Cal_0,25 63731 660055 68420 7416 24994 6663 574 36 979 8657 83387 8097 3486 368 554 18475 4589 43943
Cal_1 166318 160344 16340 77696 6548 2513 n/a 4306 35367 25248 16691 1385 2207 84918 24417 257657
BDE1ppb 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
BDE5ppb 0 0 0 0 0 6578 0 0 0 0 0 0 0 0 0 0 0 0
BDE10ppb 0 0 0 0 0 6497 0 0 0 0 0 0 0 0 0 0 0 0
BDE25ppb 0 0 0 0 0 6822 0 0 0 0 0 0 0 0 0 0 0 0
BDE50ppb 0 0 0 0 0 6543 0 0 0 0 0 0 0 0 0 0 0 0
BDE100ppb 0 0 0 0 0 6571 0 3287 0 0 0 0 0 0 0 0 0 0
BDE500ppb 0 0 0 0 0 6675 0 15240 0 0 0 0 0 0 0 0 0 0
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Sample/compound BDE-47 MBDE-77 TCP BDE-100 BDE-99 HCDBCO EHTBB PCB-209 BDE-154 BDE-153 BDE-183 BTBPE BEHTBB MBDE-209 BDE-209 DBDPE
RotoVap1 0 0 0 0 0 0 0 1304 0 0 0 0 0 0 0 0
RotoVap2 0 0 0 0 0 0 0 1472 0 0 0 0 0 0 0 0
RotoVap3 0 0 0 0 0 0 0 1290 0 0 0 0 0 0 0 0
Soxhlet4 0 0 0 0 0 0 0 1429 0 0 0 0 0 0 0 0
Soxhlet5 0 0 0 0 0 0 0 1448 0 0 0 0 0 0 0 0
Soxhlet6 0 0 0 0 0 0 0 1663 0 0 0 0 0 0 0 0
Methodology7 0 0 0 0 0 0 0 1808 0 0 0 0 0 0 0 0
Florisil8 0 0 0 0 0 0 0 1599 0 0 0 0 0 0 0 0
Florisil9 0 0 0 0 0 0 0 1552 0 0 0 0 0 0 0 0
Solvent10 0 0 0 0 0 0 0 1728 0 0 0 0 0 0 0 0
Sample1day1 0 649 2862 0 0 0 0 1532 0 0 0 0 0 0 0 0
Sample2day2 0 781 8801 0 0 0 0 1455 0 0 0 773 0 0 0 0
Sample3day3 0 692 5172 0 0 0 0 1687 0 0 0 186 0 0 0 0
Sample4day4 0 688 589 0 0 0 0 1682 0 0 0 316 0 0 0 0
Sample5Rec20ng 0 735 1012 0 0 0 127 1428 0 0 0 195 0 0 0 0
Sample6Blk8days 0 406 34 0 0 0 0 1315 0 0 0 364 22 0 0 0
Sample7day5 0 650 980 0 0 0 0 1527 0 0 0 1454 0 0 0 0
Sample8day6 0 501 508 0 0 0 0 1524 0 0 0 194 0 0 0 0
Sample9day7 0 712 686 0 0 0 0 1118 0 0 0 171 0 0 0 0
Sample10day8 0 750 424 0 0 0 0 1304 0 0 0 360 0 0 0 0
Sample11Blk 0 448 0 0 0 0 0 1318 0 0 0 515 0 0 0 0
Sample12Rec200ng 0 5557 12952 1092 758 1266 0 0 0 4394 265 22 0 109
Cal_0,001 0 0 10 0 0 0 0 1403 0 0 0 0 0 0 0 0
Cal_0,0025 0 0 26 0 0 0 0 1370 0 0 0 0 0 0 0 0
Cal_0,005 0 23 51 0 0 0 0 1342 0 0 0 15 0 0 0 0
Cal_0,01 0 69 121 0 0 16 17 1443 0 0 0 31 0 0 0 0
Cal_0,025 0 163 308 0 0 33 41 1454 0 0 0 82 0 0 0 0
Cal_0,05 0 302 533 0 0 47 79 1354 0 0 0 139 0 0 0 0
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Sample/compound BDE-47 MBDE-77 TCP BDE-100 BDE-99 HCDBCO EHTBB PCB-209 BDE-154 BDE-153 BDE-183 BTBPE BEHTBB MBDE-209 BDE-209 DBDPE
Cal_0,1 0 692 1210 0 0 120 191 1475 0 0 0 321 13 0 0 0
Cal_0,25 0 1596 2613 0 0 261 460 1621 0 0 0 714 39 0 0 0
Cal_1 n/a 4941 12319 n/a n/a 1192 2488 1483 n/a n/a n/a 4814 306 39 n/a 323
BDE1ppb 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
BDE5ppb 0 0 0 0 0 0 0 1580 0 0 0 0 0 0 0 0
BDE10ppb 0 0 0 0 0 0 0 1440 0 0 0 0 0 0 0 0
BDE25ppb 0 0 0 0 0 0 0 1320 0 0 0 0 0 0 0 0
BDE50ppb 0 0 0 0 0 0 0 1233 0 0 0 0 0 0 0 0
BDE100ppb 143 0 0 915 557 0 0 1396 137 86 88 0 0 0 7 0
BDE500ppb 657 0 0 1020 946 0 1251 374 504 170 0 0 0 15 0
  
